Introduction
Two-photon absorption has become aw idely used technique enablingi n-depth optical bioimaging, [1] photodynamic therapy, [2] drug delivery, [3] three-dimensional microfabrication, [4] optical limiting, [5] and three-dimensional data storage. [6] In the particular field of two-photon-excited fluorescence( TPEF)s pec-troscopya nd microscopy,t here is an increasing demand for new small molecule two-photon probes for cell-imaging purposes. [7] From the opticalp oint of view,t he main figure of merit for such fluorophoresi st he two-photon (TP) brightness( B 2 ). It is defined as the product of the two-photona bsorption (TPA) cross section (s 2 )a nd the fluorescence quantumy ield (F f ), and
[a] Dr.K. Kamada IFMRI NationalInstitute of Advanced IndustrialS cience and Technology Ikeda, Osaka 563-8577 (Japan) E-mail:k.kamada@aist.go.jp its optimization therefore requires the simultaneous consideration of both parameters. [8] TPEF has the advantage of using incident near-infrared (NIR) photons, enabling, amongst others, the selectivee xcitation of the molecular probe in the biological transparency window. Concomitantly,i ti sh ighly desirable to collect emitted photonsi nt he same wavelength range and this leads to the emergence of the so-called NIR-to-NIR probes. However,t he compounds reported to date showeds mallT P brightnessvalues. TPEF has been reported for boron difluoride-containing dyes, such as boron-dipyrromethene( BODIPY) [5c, 9] or those based on othert ypes of N^N ligands. [10] However,m uch less is known about the behavior of O^O analogues.J ullien and coworkers have shown that BF 2 complexes of dibenzoylmethane derivativesa re TP active with significant values of the TPA cross section. [11] Recently,w e [12] and others [13] described the synthesis and solution photophysics of boron difluoride complexes of curcuminoids as efficient dyes absorbing and emitting visiblel ight in solution. Their molecular structures feature two terminal electron-donor (D) groups,a nd ac entral dioxaborine ring playing the role of as trong electron-acceptor (A) unit. As such, they display aD -A-D sequence found in centrosymmetric and non-centrosymmetric TP chromophores. Further,wereported the NIR-to-NIR optical signature of nanoparticles of two boron difluoride complexes of curcuminoid derivatives. [14] Following those previousi nvestigations, we decided to explore the possibility of tagging cells by using boron difluoride complexes of curcuminoid derivatives and image them by using NIR-to-NIR techniques.W ed escribe herein as eries of boron difluoride complexeso fc urcuminoids (i.e., 1-BF 2 -8-BF 2 , Scheme1)i ncluding the compounds 1-BF 2 -4-BF 2 ,i nw hich we introduced amino-substituted aryl terminia ss trong donor groups.C ompound 3-BF 2 contains an n-propyloxy chain at the ortho position of the double bond, which reinforces the donor strength with respect to compound 1-BF 2 .T he dye 2-BF 2 incorporates ac yclohexanoneu nit, which imposes conformational restrictions to the curcuminoid backbone as compared to compound 1-BF 2 .T he dye 4-BF 2 possessesa julolidine group whose donor strength is reportedlyh igh because of the planarity of the amino group substituent. [15] As am atter of fact, increasing the excited-state chargetransfer (CT) character was expected to shift the emission color to the far red or NIR region, and to enhance the TPAc ross section. For the spectroscopic studies, we used compound 5-BF 2 -8-BF 2 as reference dyes displaying aw eaker donor group. Noticeably,c ompound 7-BF 2 contains two short oligoethylene glycol( OEG) chains that make this compound hydrosoluble and compound 8-BF 2 is based on the naturally occurring curcumin. We carried out ad etailed experimentals tudy, by using TPEF and Z-scan techniques, combined with at imedependent( TD)-DFT theoretical approach, of TPAa bsorption of the dyes, which allowed us to decipher the features that characterize their linear and non-linear opticalp roperties. To this end, the hemicurcuminoid complexes M1-BF 2 and M6-BF 2 that behavea sd ipolard yes wereu seful in order to assign the origin of the mismatch between the lowest energy absorp-tion bands recorded in the one-and two-photon excitation modes. [9d, 10] We show that very large TPAc ross-section scan be obtained, up to 5000 GM for 4-BF 2 ,a compound that also features NIR fluorescencee mission with high TP brightness in solution. Using 3-BF 2 , 4-BF 2 ,a nd7-BF 2, which exhibit key attributes in terms of TP brightness and NIR-to-NIR behavior for the two former,w ep roposev ersatile strategies for living-cell imaging.
Results and Discussion

Design and synthesis
The synthesis of all curcuminoid derivatives n-H (n = 1-8), except for compound 2-H, wasp erformed as reported elsewhere. [12] The hemicurcuminoid models were synthesized in as imilarm anner but by using only one equivalent of the appropriate aldehyde to avoid the second substitution. [16] Derivative 2-H was prepared following ap reviously published procedure. [17] Briefly,2 -acetylcyclohexanone, 4-(N-dimethyl)aminobenzaldehyde, boric acid, and ac atalytic amount of morpholine and acetic acid were mixed in the absence of solvent. The sample was irradiated for two minutes at 200 8Cu nder atmosphericp ressure in am icrowaver eactor.A fter cooling to room temperature, the resulting solidw as sonicated for 1h in ethyl acetate and filtered through ag lass filter.T he solid was washed with ethanol and pentane, yieldingt he pure ligands. The boron difluoride complexes were prepared according to our previous reports [12] except for the amino derivatives (i.e., compounds 2-BF 2 , 3-BF 2 ,a nd 4-BF 2 )t hat required the use of only 1.1 equivalent of boron trifluoride etherate. The latter complexes were purified by flash chromatography. X-Ray crystallography was performedo nt he ligands 3-H and 4-H, for which crystals were obtained by slow evaporation of am ixture of ethyl acetate and cyclohexane (1:3). [18] Detailed crystallographic parameters are included in Ta ble S1 in the Supporting Information. Whereast he ligand 3-H (I4 , Z = 8) crystallizesi nt he tetragonal system,t he ligand 4-H (Pna2 1 , Z = 4) crystallizes in an orthorhombic space group.T he ligands 3-H and 4-H are observed to prevail as the keto-enol form in the crystal and are non-planars tructures. The p-conjugated backbone of compound 3-H shows as trong curvature, which results in as ignificant differencei nt he bond lengths between the C1ÀC11( 1.369 ) and C1ÀC2 (1.401 ) bonds (Figure 1a ), suggesting al ocalized double bond in the keto-enol moiety of the p-conjugated backbone. In the case of compound 4-H, the heptadiene keto-enol fragment is fully planar, whichl eads to similar bond lengths for the C1ÀC17 (1.391 ) and C1ÀC2 (1.402 ) bonds (Figure 1b ), indicating an effective p delocalization within this fragment. However,t he planeso ft he terminal phenyl rings are twisted with respect to each other around the heptadiene keto-enol partw ith an angle of approximately 308.I ns olution,a ne fficient delocalization in all ligands and complexes can be unambiguously evidenced by looking at the 13 CNMR spectra (see the NMR spectra in the SupportingI nformation) where isochronous signals for the C=Oa nd CÀOÀR (R = Ho rB F 2 )m oieties are obtained. 
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All boron difluoride dyes were found to be chemically and photochemically stable in solution and in the solid state. More specifically,B F 2 decoordination was not observedi na ny of the investigated solvents, even in the presence of protic ones. [14, 19] Notably,c ompound 7-BF 2 was found to be slightly soluble in water at concentrationsl ower than 410 À7 m and no BF 2 release was observed within 48 h.
One-photon optical properties
The electronic UV-visible absorption and fluorescencee mission spectra were recorded in dichloromethane solution (Figures S1-S3 in the SupportingI nformation for the ligands and Figure 2a nd Figures S4 andS 5i nt he Supporting Information for the boron difluoride complexes)a nd the spectroscopic data are summarized in Ta ble S2 in the Supporting Information for the ligands and in Table 1f or the boron difluoride complexes. The UV-visible absorption maximao ft he curcuminoid ligandss pan wavelengths from l = 414 to 520 nm (for compounds 7-H and 4-H, respectively) in dichloromethane, shifting toward the red part of the spectrum upon increasing the donor strength, as expected. The associated molar absorption coefficients are large (e > 54 000 m À1 cm À1 ). For the hemicurcu-minoidsM n-H, the same trend is observed with e values about half of those of their respective parent curcuminoid derivatives n-H. Upon complexation to boron difluoride, all curcuminoid derivatives experience ar ed shift of their absorption maxima from ñ = 3530 cm À1 (for compound 3-BF 2 )t oñ = 4065 cm À1 (for compound 2-BF 2 ). The same effect is observed for both hemicurcuminoid derivatives. Such shift results in chromophores presenting similar band shapes in the range l = 500-650 nm. The low energy band is rather narrow and can be attributed to a p-p*t ransition as discussed elsewhere. [12] As for the free ligands,t he absorption band of the dipolar BF 2 -containing hemicurcuminoidd erivatives is more red shiftedf or the structures incorporating the strongest donor groups. Unlike the 2'-hydroxychalcone derivatives that show fluorescence emission quenching due to af ast excited state intramolecular proton transfer (ESIPT) phenomenon, [19a, 20] the curcuminoid ligandsa re remarkably emissive in solution (Figures S1 and S2 and Ta ble S2 in the Supporting Information) with emission at lower energies compared to those of the 3-hydroxyflavone compounds. [21] The ligandsstudied here exhibit emissions in the visible (from l = 473 to 621 nm) and fluorescenceq uantum yields up to 30 %. The emissions are associated with large Stokes shifts ranging from about ñ = 3000-3500 cm À1 in the case of the curcuminoid ligands to even larger values for the hemicurcuminoid derivatives (i.e., ñ = 4600 cm À1 ).
As observed with the ligands, both the UV-visible absorption and emission of the BF 2 complexes shift bathochromically when increasing the donors trength of the lateral substituents. They were found fluorescent in the region l = 540-730nm with fluorescence quantum yields ranging from 13 to 55 %i n dichloromethane. Ta king compound 6-BF 2 (i.e.,athioether) as Table 1 . Spectroscopic data and photophysical properties of compounds n-BF 2 (n = 1-8) and Mn-BF 2 (n = 1a nd 6) in dichloromethane at roomt emperature. [ ar eference, ab athochromics hift of 94 nm (i.e.,3 130 cm À1 )i s observed compared to compound 1-BF 2 that bears adialkylamino group. The same trend is found when replacing the diethylamino donorg roup with the geometrically constrained julolidine group, resultingi nf luorescencee mission in the NIR region (l = 730 nm) for compound 4-BF 2 .T he small red shifts of both the absorption and emission spectra of compound 2-BF 2 relative to compound 1-BF 2 may be ac onsequence of the presenceo ft he cyclohexyl group that would imposeamore planar structure to the curcumnoid backbone. However,asignificant quenching of the singlet excited state is observed, which is contrary to what would be expected in the case of arigidification of the molecular structure. Although this effect remains unclear,i ts hows that the presence of ac yclohexyl unit leads to an opening of non-radiatived eactivation channels. The emission spectra of the hemicurcuminoids M1-BF 2 and M6-BF 2 are far less shifted than those of the parent compounds 1-BF 2 and 6-BF 2 ,r espectively.T he fluorescence quantumy ields in dichloromethane are lower (i.e.,3 .5 and 5.5 %f or M1-BF 2 and M6-BF 2 ,r espectively)a sc ompared to the curcuminoids.B oth curcuminoid and hemicurcuminoid boron difluoride complexes exhibit rather small Stokes shifts when compared to those of the corresponding free ligands( % 2000 cm À1 )s uggesting am ore limiteds tructural relaxation in the excited state.
The solventd ependences of the absorption and emission properties were examined for compounds n-BF 2 (n = 1-4, 6, and 7) as well as for both hemicurcuminoids M1-BF 2 and M6-BF 2 ,t og ain insights into the influence of the donor groups (Figure 3 , Figures S6-S13 and Ta bles S3-S6 in the Supporting Information). Both UV-visible absorption and fluorescence emission spectra of these compoundss how positive solvatochromism, the vibronic structure disappearing in the more polar solvents. The solvent-induced bathochromic shift of the absorption band rangesf rom 530 (for compound 6-BF 2 )t o 1970 cm À1 (for compound 3-BF 2 ). This positive solvatochromic shift of the absorption bands indicates that the local excited state S 1 is more polar than its ground state S 0 counterpart. Furthermore, the variation of the solvent-induced bathochromic shift suggestst hat the differenceo ft he dipole moments is strongly linked to the strength of the donorg roup. Correlations between the Stokes shifts and the polarityf unction (Df ')of the solvent yield linear plots with positive slopes (Figures S14 and S15 in the Supporting Information). [22] This trend confirmst he relaxation towardasolvent-equilibrated singlet excited state with ac harge-transfer character and shows that the excited-state dipole moment is larger than the groundstate one. This behavior is in agreement with what was observed for other curcuminoid boron difluoride compounds [12, 13c] and is related to the strong electron-withdrawing effect of the central difluorod ioxaborine chelate. [23] These data evidencet he strongc harget ransfer character of the curcuminoid dyes. [24] The rate constants of the radiative and the non-radiative deactivation pathways are listed in Ta bles S3-S6 in the Supporting Information. As observedw ith other curcuminoid boron difluorided erivatives, [12] the radiativec onstants k f were found independento ft he solvent nature. Therei st herefore no in-crease of the fluorescence transition moment with an increasing polarity of the solvent, which is consistent with al imited nuclear reorganization in the relaxed emitting state with respect to the Franck-Condon excited state. [22] In marked contrast, the non-radiative constant values (k nr )d ecrease with increasings olvent polarity,i ndicating that non-radiative processes are less efficient in polar solvents. For highly polar solvents, such as acetonea nd acetonitrile, the increase in the k nr value may be due to the energy gapl aw. [25] Even if it is built on am ore rigid structure due to its cyclohexyl group,c ompound 2-BF 2 displays slightly lower k f values but k nr values more than twice larger than those of compound 1-BF 2 ,w hich can be attributed to the conformational preference imposedb yt he cyclohexyl cycle that alters the ground-and excited-state properties.
The OEG chain-bearing complex 7-BF 2 displays the same properties in organic solvents than its parent methylated compound 5-BF 2 . [12] Furthermore,t he photophysicalp roperties of compound 7-BF 2 could be measured in aqueous solution and revealed absorption and emission maximum wavelengths at l = 471 and 631 nm, respectively,w hich is consistentw ith the high polarity of water (Figure S11i nt he Supporting Information). [12] The fluorescenceq uantum yield reaches av alue of 8%,w ith af luorescence lifetimes horter than 0.7 ns, resulting in ab rightness of 5760 m À1 cm À1 .
Two-photon optical properties
The TPAa bsorption cross sections of the studied compounds were determined by using both TPEF and Z-scan techniques. The combined use of both techniques provided amore precise determination of the TPAc ross section. [26] TP-induced emission and excitations pectra were recorded in the wavelength range l = 700-1000 nm by using af emtosecondT i-sapphire pulsed laser source, according to the experimental protocol described by Webb and Xu, [9a] whereas open-aperture Z-scan traces were recorded from l = 650 to 1050 nm by using af emtosecondo ptical parametric amplifier pumped by aT i-sapphire regenerative amplifier,a ccording to the experimental protocol described by Sheik-Bahae et al. [27] with the reported setup. [27b] The observation of aq uadratic dependence of the fluorescence intensityv ersus the incident laser powera ts everal wavelengths in the TPEF experiments ( Figure S16 in the Supporting Information) unambiguously confirmedt hat the origin of the fluorescence emission can be assigned to aT Pa bsorption process ( Figure S16 in the SupportingI nformation). In the experimentall aser powerr ange used for these TPEF measurements,w ec hecked that no saturation or photobleaching occurred.T he TP cross sections of all curcuminoid derivatives were measured by TPEF and calibrated by using rhodamine B, [28] zinc-2,9,16,23-tetra-tert-butyl-29 H,31 H-phthalocyanine, [29] and styryl 9M [30] as references depending on the TP absorptionmaximum, whereas an "in-house" standardc ompound (i.e.,M PPBT,1 ,4-Bis(2,5-dimethoxy-4-{2-[4-(N-methyl)pyridin-1iumyl]ethenyl}-phenyl)butadiyne triflate)w as used for the Zscan measurements. [31] The TP excitation spectra are presented in Figures S22-S30 in the Supporting Information fort he ligands andi nF igure 4a nd Figures S17-S21 in the Supporting Information for the complexes.T he TP absorption maxima, cross sections and brightnessoft he ligandsand complexes are reportedi nT able S7 in the Supporting Information and in Ta ble 2, respectively.A sarepresentative example, the ligand 8-Hs hows aT PA absorption maximum at l = 720 nm in dichloromethane by using the TPEF approacho ra tl = 707 nm in chloroform by using the Z-scan technique with a s TPA value of 115o r1 57 GM, respectively.T hose valuesa re comparable for both techniquesa nd are in agreement with the values reported elsewhere by Hernµndez et al. ( % 90 GM at l = 740 nm). [32] As can be readily seen from the spectra obtained for the ligands (i.e., n-H) and the corresponding boron difluoride derivatives (i.e., n-BF 2 ), the TPAb and is strongly blue shifted compared to the one-photon absorption (OPA) band and clearly does not match the S 0 -S 1 transition. According to the TPAs election rules, this behavior is characteristic of centrosymmetric D-A-D chromophores [5d, 24, 33] but it is also observed for other specific non-centrosymmetric compounds including boron difluorided yes such as BODIPY, [5c, 9c] as wella si np olymethine dyes. [10] This effect is generally assigned to aT P-activet ransi-tion lying at higher energy, [33b] and/or to the localization of the excitation in one of the two halves of the chromophorea s ar esult of vibration-or polar solvation-induced symmetry breaking in the ground or excited states, as rationalized for polymethine derivatives. [5d, 24, 33a] Here, we show that the observed TPAa bsorption corresponds to the S 0 -S 2 transition and this was verified throughT D-DFT calculation for compound 1-BF 2 (see the next section). As imilare ffect was reported by othersi nt he case of the curcumin 8-H, [32] for which ab lue shift of the TPAr elative to the OPAw as observed. Indeed,t he more TP-activet ransition is the S 0 -S 2 transition due to its stronger CT character compared to the cyanine-like S 0 -S 1 transition. However,a nd similarly to the polymethine derivatives [5d, 24, 33a] and to the curcumin 8-H, [32] the lowest-energy transition is not completely TPAf orbidden and aw eak s TPA value of approximately 10-40 GM in that wavelength range was measured for the dyes 5-BF 2 , [14] 6-BF 2 ,a nd 7-BF 2 in dichloromethane. Those low-energy TPAt ransitions could not be observed in compound 1-BF 2 , 2-BF 2 , 3-BF 2 ,a nd 4-BF 2 because the OPAi st oo shiftedi nt he red region to be monitored with our TPEF setup. [34] To gain insights into the TPAp rocess, we also measured the TPAp roperties of the hemicurcuminoid models that were suitable for TPEF experiments according to the possibilitieso fo ur experimental setup. Note that the hemicurcuminoids analogous of compound 5 containing anisole as donor group were also prepared but their lowf luorescenceq uantum yields in dichloromethane precluded such measurement. The compounds (Mn-H and Mn-BF 2 with n = 1a nd 6) showeda na pproximately fivefold decreaseo ft he TPAc ross sectionc ompared to their respective curcuminoidc ounterparts. However, their TPAb and perfectly matched the S 0 -S 1 OPAt ransitions (Figures S20a nd S21 as wella sS 29 and S30 in the Supporting Information). This is the result of the typical dipolar structure and is demonstratedb yt heoretical calculations (see below). Interestingly, the spectra of compound 1-BF 2 and M1-BF 2 (1-H and M1-H) as well as 6-BF 2 and M6-BF 2 (6-H and M6-H) presents imilarT PA spectra with the maximaa lmost lying at the same energy. This observation indicates that the TPAs pectral signatures of both curcuminoid ligands and theirb oron difluoride-containing species have adipolar character,which is reflected by the factthat the HOMOÀ1o fc ompound 1-BF 2 is one parto ft he linear combination of the lower moieties of the HOMO of M1-BF 2 .I n the same way,t he LUMO of compound 1-BF 2 is the lower part of the linear combination of two moieties of the LUMO of M1-BF 2 ( Figure 5) .
The TPAp roperties are very sensitive to the nature of the donore nd group and the planarity of the conjugated skeleton. The effect of the donor strength on both the emission wavelength and the TPAc ross section is further evidenced when comparing the complex 3-BF 2 with the strongerd onor-containing compound 4-BF 2 .T he latter displays at wofold increase of the TPAc ross section, reaching 5000 GM, but has as imilar brightnessb ecause its fluorescence quantum yield simultaneously drops by the same factor.F urtheri nformation on the structure-TPA properties relationships is gathered by comparing the complexes 1-BF 2 and 2-BF 2 .T he TPAc ross section is increasedb ya lmostafactor three in favor of compound 2-BF 2 , most probablyd ue to the higherp lanarity of the latters tructure.
TD-DFT calculations
To identify the nature of the S 0 -S 1 and S 0 -S 2 transitions and to confirm that the S 0 -S 2 transition is the active transition in the TPAp rocesses, theoretical calculations were performed on 1-BF 2 and M1-BF 2 ,w hich were taken as representative compounds for D-A-D and dipolar hemicurcuminoid structures, re-spectively.D FT and TD-DFT calculations were performedb y using the standard B3LYP/6-31G(d) level of theory [35] (see the Experimental Section).
For compound 1-BF 2 ,t he S 0 -S 1 and S 0 -S 2 bands are rather close on the energy scale (2.247 and 2.752 eV,i .e.,5 52 and 451 nm, respectively,i nd ichloromethane,T able 3). The S 0 -S 1 transition mainly corresponds to the HOMO!LUMOt ransition (Figure 5a ), where the electronic density of the HOMO is spreado ver the whole backbone. This type of HOMO orbital can be ascribed as a" cyanine-like" transition [36] due to the odd number of sp 2 -hybridized Ca toms in the conjugateds keleton with the electronic density equally distributed from one donor to the other.T he S 0 -S 2 transition is am ixture of HOMOÀ1! LUMO and HOMO!LUMO+ +1t ransitions, with the major contribution involving the former.F or the HOMOÀ1!LUMO mono-electronic transition, the HOMOÀ1h as its electronic density on the dimethylaniline moiety,w hereas the LUMO is mostly localized on the dioxaborine ring. This feature indicates ac harge-transfer character of the S 0 -S 2 transition resulting in dyes having ab is-dipole type of electronic structure, [37] which leads to ah igh TPAc ross section as evidenced by TPEF experiments.I ti sw orth noting that both the HOMOÀ1a nd the LUMO display an odal plane containing the BF 2 unit and the meso-carbona tom. [23] In the vertical approximation,t he calculated oscillator strengtho ft he S 0 -S 1 band is 2.277, whereas that of S 0 -S 2 transitioni s3 2t imes lower (i.e.,0 .072), which is in agreementw ith the OPAe xperimentals pectra (see above).
For compound M1-BF 2 ,t he TD-DFT calculated S 0 -S 1 and S 0 -S 2 transitions are more separated than for compound 1-BF 2 (2.731and 3.981 eV,i .e.,4 54 and 312 nm, respectively,T able 3), which parallels the experimental spectrum.T he S 0 -S 1 band is mainly represented by the HOMO!LUMOt ransition (Figure 5b) , where the HOMO shows the electronic density on the aniline moiety and the LUMO is mainly centered on the acacBF 2 (acac = acetylacetonate) part, therefore presenting as trong CT character.F or such dipolar boron difluoride complexes, the S 0 -S 2 transition has as trong HOMOÀ1!LUMO contribution.
To simulate the UV-visible absorption spectraa nd the TPA spectra [38] of 1-BF 2 and M1-BF 2 ,w ecalculated the transition dipole moments between the ground and excited states by using the Ta mm-Dancoff approximation [39] (TDA) for the TD-DFT calculation at the B3LYP/6-31G(d) level of theory ( Figure 6 ). The resultso ft he TDA B3LYP/6-31G(d) calculations gave transition energies similar( the difference is mostly < 3%)t ot hose obtained with the TD DFT B3LYP/6-31G(d) calculations (see Tables S8-S11i nt he Supporting Information). The calculated Table 2 . Two-photon absorption maxima, cross sections,a nd brightness of the boron difluoride complexes of curcuminoid and hemicurcuminoid in dichloromethane. (Figure 6a ), by using the polarizablec ontinuum model (PCM), mimics rather well the experimental spectrume xcept that the energy of the band (especially the "cyanine-like" one) is blue shifted (see above), an expected trend with TD-DFT calculations. [36] The calculated TPAs pectrum clearly showst hat only the S 0 -S 2 transition is active in the window l = 700-1200 nm. For M1-BF 2 ,t he one-photon absorption spectrum matchest he TPAs pectrum well (Figure 6b )a sa lready shown in the experimental spectra.
To investigate the rotamer contribution of compounds 1-BF 2 and M1-BF 2 to the TPAs pectra, calculations were performed for those conformers in which the dioxaborine CÀOb ond and the C=Cdouble bond experience an s-trans or s-cis relationship aroundt he formally single CÀCb ond. The s-transs -trans, strans s-cis,a nd s-cis s-cis isomersw ere considered ( Figure S31 and S32 in the Supporting Information). The calculated spectra of the curcuminoid and hemicurcuminoid structuresp resent similar features with only ad ecrease of the TP cross section values upon passing from the s-trans to a s-cis conformation. For those s-cis species of lower symmetry,o ne notes as light increaseo ft he TP-forbiddenc omponent (see above TPEF experiments) corresponding to an increase of the population of the S 1 excited state ( Figure S31 in the Supporting Information, comparew ith the tenfoldm agnification of the TPAs pectrum in Figure 6a ).
Cell imaging
Cell imaging was performed by using three strategies. The first one involved compound 7-BF 2 .O wing to the presence of two hydrophilic chains, this compound is hydro-solublea nd was incubated directly with Cos7 cells in an aqueous solution.T he dye entered the cells and both one-photon excited fluorescence and TPEF revealed that uptake of the dyeo ccurred within the cytoplasm. Introduction of compound 7-BF 2 into the culture medium did not impede the reproduction of the Cos7 cells, and we did not notice anyd ead cells floating in the sample over 48 h, suggesting little to no toxicity fort his dye. In this case, fluorescencee mission was detected in the visible, out of the biological transparency window.
In order to implement aNIR-to-NIR approach, we used apreviously publishedp rocedure to produce fluorescent organic particles by using hydrophobic dyes and showed that the solid-state emissionw as red shifteda sc ompared to that in solution. To this end, we used the dyes 3-BF 2 and 4-BF 2 ,w hich provide high TPAb rightness and far red to NIR emission already in solution. Upon addition of al ow volumeo faconcentrated solution of these dyes (i.e.,3 0mL, 10 À4 m in THF) into water (3 mL), particles of various sizes were formed. [14] DLS measurementsr evealed that compound 4-BF 2 forms large particles with diameters of approximately (622 AE 61) nm, whereas compound 3-BF 2 forms particles with diameters of 265 nm. Notably,p articles of both compounds weren ot emissive, which was attributedt ot he aggregation-induced quenching effect. Still, we performed incubation for2ho ft he particles in the presenceo fC os7 cells. The solution was then removed and the cells were washed three times with phosphate buffered saline (PBS) prior to imaging by using one-and TP microscopy. As depicted in Figure S34 in the Supporting Information, the Cos7 cells became fluorescently labeled upon exposure to particles of compounds 3-BF 2 ,and4-BF 2 .Because theseaggregates are non-fluorescenta nd have sizes that are as big as those of the cells, we attributed the fluorescencee nhancement to the penetration of compounds 3-BF 2 and 4-BF 2 as non-aggregated speciesd ue to ad isaggregationm echanism at the cell membrane. [40] However,t he spectra of the dyes within the cells resemble those obtained in the apolar dibutyl ether solventw ith an emission in the visible region (l em = 629 nm, Figure S35i n the Supporting Information). We determined the TP brightness of compounds 3-BF 2 and 4-BF 2 (Figures S36 andS 37 in the Supporting Information) in dibutyl ether.T he values of 400 and 665 GM found for compounds 3-BF 2 and 4-BF 2 ,r espectively,were thuslower than in dichloromethane. Such dependence of the TPAc ross section of polar molecules have been recently discussed by Gryko et al. [41] Although the whole cell was labeled with compound 4-BF 2 ,w hich prevented distinguishing the nuclei from the cell cytoplasm ( Figure S34 bi nt he Supporting Information), compound 3-BF 2 did not enter the nuclei ( Figure S34 ai nt he Supporting Information), similarly to compound 7-BF 2 (FigureS33 in the Supporting Information), allowing the visualization of the cell and its nucleus( by contrast) with both compounds 3-BF 2 and 7-BF 2 . These resultsb yu sing pre-formed particles of compounds 3-BF 2 and 4-BF 2 show that the particles are disrupted at the cell membrane, leading to the uptake of non-aggregatedd ye molecules. [40] As such, we presentameanso fcell labeling with molecular fluorophores that are not water soluble. However, despite the uptake and imagings uccess of such method, disaggregation of the particles prevents NIR-to-NIR because the emission of curcuminoid borodifluoride molecules is located in the visible part of the spectrum.
In at hird approach,t he use of porous silica nanoparticles (PSNPs) as av ehicle for the cellular incorporation of compound 4-BF 2 was attempted with the intent to preserve the NIR fluorescence emission of the dye. This strategy was adopted in order to improve the intracellularu ptake and the in vivo imaging potential of these borond ifluoride curcuminoid compounds by taking benefits from the NIR emission that could be due to the emission in the polar environment of silica. The large and easily accessible pores of the PSNPs, as well as their high endocytosis rate and low toxicityi nm ammalian cells render them ideal nanovessels. [42] After the synthetic preparation following well-established procedures, [43] transmission electron microscopy (TEM) was used to confirm the distribution of the particle sizes between 80 and 120 nm, with hexagonally arrangedp ores of about 2.2 nm in diameter. [43] Particles were loaded with ad ye through soaking in saturated solutions (toluene) of compound 4-BF 2 or fluorescein isothiocyanate (FITC), the latter dye being used for control experiments.
Interestingly,u pon loading the PSPNs with compound 4-BF 2 , the fluorescence spectrum,w hen exciting at l = 560 nm, presents ab road emission with its maximum at l = 650 nm (Fig-ure S38 in the Supporting Information). Although this value is close to that obtainedi nd iethyle ther,t he emission profile in the PSPNs is broader.Accordingly,u pon exciting at l = 600 nm, two broad peaks can be seen that are shifted to the red compared to the maximump reviously observed ( Figure S38 in the Supporting Information). This could therefore be attributed to the formation of small-size aggregates of compound 4-BF 2 , which have now al arge part of their emission in the NIR region. Here, it must be noted that the fluorescence quantum yield is lower than in solution (10 %w hen exciting at l = 560 nm) and this is consistentw ith the absence of emission in the particlesw here extensive aggregation takes place.
Confocal microscopy was then performed in human PANC-1( pancreatic carcinoma) and BT-549 (mammary ductal carcinoma) cells, followinge xposure to 200 mgmL À1 FITC-labeled (Figure S39 in the Supporting Information) or4-BF 2 -labeled ( Figure 7 ) or unlabeled PSNPs ( Figure S39 in the Supporting Information). FITC was used as the reference fluorophore. Subsequent to incubation of compound 4-BF 2 and wash cycles, the cells were then supplementedw ith the anthraquinone-based DNA-detecting dye DRAQ5,w hich is knownt oa llow for specific nucleus visualization.W eo bserved that the PSNPs were taken up in the cells and accumulate in the cytoplasm but did not enter the nucleusa ccording to the emission detected in the orange-red part of the spectrum ( Figure 7 , panelsC,D ,G , and H). The nuclei exhibited only the far-red fluorescencec haracteristic of DRAQ5 (Figure 7, panels B, D, F, and H) . As compared to the previous case of the neat 4-BF 2 nanoparticles that were disrupted when entering the cell, the porouss ilica nanoparticleso ffer ap rotecting shell to the small aggregates of 4-BF 2 molecules, which preserves fluorescence emission and enables imaging in aw avelength range reaching the NIR region.
Conclusions
We have reportedt he synthesis of as eries of new curcuminoid boron difluoride complexes that absorb far in the visible and emit up to the NIR region of the spectrum. Such properties have been obtainedb yi ncreasing the strength of the enddonor group and by rigidifying the structure of the backbone or of the donor moiety.T he free ligandsa nd their boron difluoridec omplexes exhibit as imilar opticalt rends, boron difluoridec omplexation causes ad ramatic increasei nt he acceptor strength, which in turn results in enhanced linear and non-linear optical properties. We show that those complexes exhibit efficient TPEF with TPAr anging from the visible to the NIR region (up to l = 990 nm), high TPAc ross section (up to % 5000 GM), and brightness (i.e.,4 00-900 GM. By using ac ombination of experimental TPEF and Z-scan measurements and aT D-DFT study,w ee videnced that the TPAp rocess involves the S 0 -S 2 transition. Hemicurcuminoid ligandsa nd their correspondingb oron difluoride complexes served as dipolar model speciesa nd provided useful insights into the understanding of the photophysics of the curcuminoid compounds. In summary, the modulars ynthetic approacha llows ar ational tuningo ft he curcuminoid chemical and electronic structure, which leads to dyes with versatile optical properties useful for cell imaging.
Chem. Eur.J.2016, 22,5219 -5232 www.chemeurj.org Accordingly,w es uccessfully tagged Cos7, PANC-1, and BT-549 cells by implementing three different uptake strategies that all take benefit of the key opticala ttributes of the boron difluoride complexes of curcuminoid chromophores.
Experimental Section
Materials and instrumentation
All solvents for synthesis were of analytic grade. Spectroscopy measurements were carried out with spectroscopic grade solvents. NMR spectra ( 1 H, 13 C, and 19 F) were recorded at room temperature on aB RUKER AC 250 spectrometer operating at 250, 62.5, and 235 MHz for 1 H, 13 C, and 19 F, respectively.D ata are listed in parts per million (ppm) and are reported relative to tetramethylsilane ( 1 H and 13 C);r esidual solvent peaks of the deuterated solvents were used as internal standard. Mass spectra were obtained in Spectropole, Marseille (http://www.spectropole.fr/). Spectroscopic measurements and X-ray structure determinations were performed according to published methodologies. [19b] Compounds 1-H, 1-BF 2 , [13a] 2-H, [44] 6-H, [45] 5-BF 2 , [12] 8-BF 2 , [13d] M1-H, M6-H, M1-BF 2 ,a nd M6-BF 2 [46] were synthesized following published procedures.
Z-scan measurements
Af emtosecond optical parametric amplifier (SpectraPhysics OPA-800, pumped by ar egenerative amplifier,S pitfire) was used as the light source for the Z-scan measurements. The repetition rate and the pulse width were 1kHz and 120-140 fs full width at half maximum (FWHM), respectively,d epending on the wavelength. The sample solution was hold in 2mmq uartz cuvette, which is much shorter than the Rayleigh range of the optical setup (6-8 mm) and satisfies the thin-sample condition for the analysis. The concentrations of the sample solutions were 0.64-1.1 mm for compound 3- Figures S41 and S43 in the Supporting Information) the mean saturation of TPA [47] were observed at the incident power over 0.07 mW.T hus, these deformed traces were excluded for the analysis. The linear relation between the on-axis TP absorbance q 0 obtained by the curve fit to the observed traces against the incident power was confirmed (Figures S40, S42, and S44 in the Supporting Information) as the criteria that the observed Z-scan signal, that is, the depression of the transmittance near the focal point, originates from the TPAp rocess. The TP coefficient b was obtained from the slope of the plots. The TPAcross section was obtained by using the convention, s TPA = hnb/N,w here hn is the photon energy and N is the number density.Asolution of rhodamine in methanol (6.5 mm)w as measured at the same time for l = 950-1160 nm and the obtained TPA cross section was close to the reported value (for example, s TPA = (41 AE 6) GM was obtained at l1024 nm and the reported value was 35 GM. [28] Simulation of the one-and two-photon absorption spectra
All molecular orbital calculations were performed with the Gaussian 09 program package. [48] The geometries of the model molecules (i.e.,c ompounds 1-BF 2 and M1-BF 2 )w ere optimized at the B3LYP/ 6-31(d) level. The optimized geometries are presented in Ta ble S12 in the Supporting Information. Then TD-B3LYP/6-31G(d) calculations were performed on the optimized geometry.T oc alculate the transition dipole moments between the excited states, the Ta mm-Dancoff approximation (TDA) was adapted for the TD-DFT calculations (KEYWORD "tda(allTransitionDensities)"; revision D01 is necessary to run this keyword). The ground state-to-excited state dipole moments, the permanent dipole moment in the ground state, and the excitation energies were also obtained from the TD-B3LYP/6-31G(d) calculations;n evertheless, the results of the TDA-B3LYP/6-31G(d) calculations were used for consistency,t os imulate the spectrum. The permanent dipole moments in the ith excited states were calculated by repeating the TDA-B3LYP/6-31G(d) calculations with the KEYWORD "tda(root = i)" for i = 1…N. For all TD-DFT calculations, the lowest twenty excited states (N = 20) were calculated, and then considered for the simulation. The sum-over-state formulation used for the spectral simulation were reported previously. [38] The relaxation constant of the Lorenzian linewidth function was taken to be 0.10 eV for both the one-and two-photon absorptions. All calculations were performed in vacuum and in dichloromethane (e = 8.93) with the PCM [49] ( Figures S31 and S32 and Ta bles S8-S11 in the Supporting Information).
Synthesis and loading of the nanoparticles
The porous silica nanoparticles (PSNPs, MCM-41) were prepared according to ap reviously described procedure [43] and stored in am ethanol suspension until use, and the particle quality was confirmed through TEM measurements acquired on aJ EOL 2100-F analytical transmission electron microscope. The particles (2.6 mg) were centrifuged (12 000 rpm, 5min) and re-suspended three times in toluene (2 mL). Following the final wash cycle, the particles were re-suspended in af inal volume of 1mLt oluene, and an aliquot (330 mL, 0.6 mg) was added to at oluene solution of compound 4-BF 2 (1 mL, 188 mgmL À1 )i nascintillation vial. The samples were stirred overnight, while shielded from light to mitigate any possible photobleaching effects. The nanoparticles were then washed four times through repeated cycles of centrifugation and re-suspension in fresh toluene as specified above. Following this treatment, the silica particles acquire ad ark blue color,a saresult of the incorporation of compound 4-BF 2 .T he particles were then re-suspended in toluene to af inal concentration of approximately 0.6 mg mL À1 just prior to spectral acquisition. The silica particles modified with FITC (Sigma-Aldrich) were prepped in as imilar manner to that of the 4-BF 2 samples, with saturated dye suspension and wash steps being performed in ethanol instead of toluene. The labeled nanoparticles were re-suspended in cell culture media prior to conducting the cellular studies.
Cell culture
The cos-7 cells were grown in Dulbecco's modified Eagle's medium (DMEM) with 10 %f etal calf serum, 1% l-glutamine, 1% penicillin/ streptomycin) and 1% pyruvate. For imaging, the cells were cultured in 6-well tissue culture glass slides.
Twoh uman cell lines were used to follow the cellular uptake of the dye-loaded nanoparticles. Human pancreatic carcinoma cells (PANC-1, ATCC) were grown in DMEM (BioWhittaker,W alkersville, MD) supplemented with 10 %f etal bovine serum (ATCC), and human mammary ductal carcinoma cells (BT-549, ATCC) were grown in RPMI-1640 (Life Technologies, Grand Island, NY) supplemented with 10 %f etal bovine serum and 0.023 IU mL À1 insulin (Life Te chnologies). The cell cultures were maintained in ah umidified atmosphere at 37 8Ci n5%C O 2 /95 %a ir.T he cells were subcultured by rinsing once with trypsin-versene (BioWhittaker) and
incubating at room temperature with additional trypsin-versene for 5min or until the cells detached. Cells were then gently re-suspended in fresh medium and aliquoted into flasks.
Cell treatmenta nd imaging
Cells were seeded at 50 000 cells per well (100 mLp er well) in 8well chamber slides (Nunc Lab-Tek Chambered Coverglass System, Thermo Scientific). At 24 hp ost-seeding, al oaded-nanoparticle suspension (150 mLp er well, final concentration 0.2 mg mL À1 )w as added to each well of the chamber slide. At 48 h post-seeding, the medium was removed and the wells were washed twice with DPBS (Life Te chnologies). The wells were supplemented with 4% paraformaldehyde (150 mLp er well, Alfa Aesar), followed by incubation at room temperature for 10 min. The wells were then washed thrice with DPBS, supplemented with DRAQ5 (0.1 mmol L À1 in PBS, 125 mLp er well, Thermo Scientific), and incubated at room temperature for 20 min. Finally,t he wells were washed again thrice with DPBS, supplemented with DPBS (200 mLp er well), covered with foil and stored at 4 8C. Slides were brought to room temperature 2h prior to image collection on aZ eiss LSM 710 confocal microscope. Images were taken by using water and am agnification of 40 a nd processed with ZEN 2012 SP1 (black edition, 64 bit, Release Version 8.1, Carl Zeiss Microscopy)
Synthesis
The curcuminoid derivatives were synthesized as described elsewhere [12] except for compound 2-BF 2 that was prepared as follows:
In a5 0mLf lask, 2-acetylcyclohexanone (1.40 g, 10 mmol), 4-(N-dimethyl)aminobenzaldehyde (2.98 g, 20 mmol), boric acid (696 mg, 10 mmol), morpholine (50 mg, 0.57 mmol), and acetic acid (50 mg, 0.83 mmol) were mixed in the absence of solvent. The sample was irradiated for 2min at 200 8Ca nd atmospheric pressure in am icrowave reactor.A fter cooling to room temperature, the resulting solid was sonicated for 1h in ethyl acetate and filtered through ag lass filter.T he ligand 2-H was then mixed with boron trifluoride etherate (1.1 equiv) in dichloromethane and stirred while heating to reflux for 16 h. After reducing the volume of the solvent, the residue was filtered on af lash-chromatography column with silica gel, by using dichloromethane as the eluent. 
2-BF
